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AlGaN-based deep ultraviolet light-emitting diodes (DUV-LEDs), as a novel 
solid-state ultraviolet light source, compared with the traditional ones, have 
competitive advantages over traditional UV sources such as mercury (Hg) 
pollution free, low energy consumption, small size, and tunable wavelengths. 
They hold broad prospects for development in critical fields including air 
purification, water disinfection, biosensing, and communications. Enhancing 
the electro-optical conversion efficiency of DUV-LEDs is essential for achieving 
large-scale commercial applications in disinfection and sterilization. Improving 
the device’s relatively low light extraction efficiency (LEE) has proven to be 
an effective strategy for boosting electro-optical efficiency and overcoming 
technical barriers. In this review, the fundamental configurations of the AlGaN 
DUV-LEDs and the regulatory logic of optical polarization characteristics on LEE 
are summarized. The detailed discussions include the recent research advances 
in improving the LEE of the DUV-LEDs via optical polarization—specifically 
by adjusting quantum well structures, optimizing polarization-dependent light 
propagation paths, and incorporating additional reflection/diffraction structures. 
Furthermore, it outlines the challenges and development prospects for 
improving LEE at the optical polarization level.
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 1 Introduction

Deep ultraviolet light (DUV, wavelength range approximately 200–280 nm) 
plays a pivotal role in semiconductor manufacturing, public health, food safety, 
and other fields. (A-8) [1]With the implementation of the Minamata Convention, 
traditional UV light sources have gradually been phased out due to their potential 
environmental pollution. Compared to conventional UV sources, AlGaN-based 
deep ultraviolet light-emitting diodes (DUV-LEDs), as a novel solid-state UV 
light source, have competitive advantages such as mercury-free pollution, low 
energy consumption, small size, and tunable wavelength. They represent the future 
development trend for deep ultraviolet light sources. These LEDs hold broad prospects
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in key fields including air purification [2], water disinfection 
[3], biosensing [4], medical treatment [5] and communications 
[6],representing one of the primary development directions in the 
field of III-nitride wide-bandgap semiconductor optoelectronics [7].

Despite these advantages, the widespread adoption of DUV-
LEDs is still hindered by their relatively low electro-optical 
conversion efficiency. Recent studies have introduced innovative 
device architectures to address these challenges. Incorporating a Si-
doped n-AlGaN tunneling layer on the p-side of a 254 nm LED 
can enhance IQE to 62% and improve output power by 34%, by 
promoting hole injection via quantum tunneling [8]. Similarly, the 
use of an N-polar AlGaN tunnel junction (TJ) in a 284 nm UV-B LED 
leads to an exceptional IQE of 93% with nearly zero efficiency droop, 
along with a sixfold increase in light output power [9].Another key 
factor contributing to this situation is the device’s low light extraction 
efficiency (LEE) [10]. Consequently, enhancing LEE through optical 
polarization control has become a key strategy for improving the 
overall electro-optical conversion efficiency of deep ultraviolet LEDs. 

In this review, the fundamental configurations of DUV-LEDs 
and the regulatory logic of optical polarization characteristics 
on light extraction efficiency are summarized. The detailed 
discussions include the recent research advances in enhancing 
the LEE of the DUV-LEDs via optical polarization—specifically 
by adjusting quantum well structures, optimizing polarization-
dependent light propagation paths, and incorporating additional 
reflection/diffraction structures. Furthermore, we also discuss 
challenges and development prospects for DUV-LEDs based on 
AlGaN in terms of quantum well valence band structure control and 
improvement of device structure integration. 

2 Optical polarization characteristics 
of deep ultraviolet LEDs and their 
correlation mechanism with light 
extraction efficiency

2.1 Fundamental polarization 
characteristics of AlGaN materials

The root cause of low LEE in DUV LEDs stems from the inherent 
physical properties of AlGaN materials and devices. The basic 
configuration of a DUV LED is depicted in the figure. This structure 
begins with AlN and AlN/AlGaN buffer layers as the starting layers, 
followed by functional layers sequentially composed of n-AlGaN, 
multiple-quantum wells (MQWs), and p-type regions. The n-AlGaN 
layer provides electrons and forms an ohmic contact with the n-type 
electrode, while the MQW restricts carriers and facilitates electron-
hole recombination. The p-type region comprises a p-type electron 
blocking layer (p-EBL) to suppress electron leakage, p-AlGaN for 
hole provision, and p-GaN, which also serves as the ohmic contact 
layer to the p-type electrode.

During device operation, three processes occur internally, 
which are current injection, electro-optical conversion, and light 
extraction. Due to the refractive index differences among the layers 
of materials, during the light emission process after electro-optical 
conversion, the light rays will undergo refraction and total reflection 
at different interfaces, thus altering their propagation paths. Apart 
from a small portion of ultraviolet light being effectively drawn 

out of the device, most of the light is eventually consumed within 
the device, thereby limiting the LEE. The key scientific issues 
restricting the improvement of the LEE of DUV-LEDs can be 
further classified into three categories, namely, the problem of light 
polarization, the problem of total reflection, and the problem of 
light extraction. Among them, the issue of light polarization is that 
high Al composition AlGaN quantum wells mainly emit in the 
transverse magnetic (TM) mode, which exits laterally, resulting in 
significant light loss. This review primarily focuses on exploring 
ways to improve the vLEE by optimizing light polarization. 

2.2 Control logic of polarization 
characteristics on light extraction 
efficiency

To optimize LEE at the level of optical polarization, the 
polarization degree of quantum wells must be enhanced. The 
polarization degree of QWs is closely related to their band structure. 
In wurtzite-structured AlGaN materials, the valence band comprises 
heavy hole (HH), light hole (LH), and crystal field split-off hole (CH) 
subbands due to the effects of crystal field and spin-orbit coupling.

Deep ultraviolet light-emitting diodes generate light mainly 
through the recombination of electrons and holes between the 
conduction band and valence bands. Due to the asymmetric 
P-orbitals in the valence band, electron transitions to different 
valence subbands produce photons with distinct polarizations [11]. 
Transitions from the conduction band to the HH subband dominate 
transverse electric (TE) polarization (electric field perpendicular to 
the c-axis), as the orbital overlap favors in-plane dipole oscillation. 
Transitions to the CH subband dominate transverse magnetic (TM) 
polarization (electric field parallel to the c-axis), resulting in in-plane 
propagation of light.

This polarization dependence is directly reflected in experimental 
spectra (Figure 1). For example, Figure 1a compares the in-plane 
TE/TM emission spectra of two AlGaN QW samples: Sample A 
(low in-plane compressive stress, DOP = 41.5%) exhibits comparable 
TE and TM intensities, while Sample E (high in-plane compressive 
stress, DOP = 61.9%) shows a significant enhancement in TE intensity 
relative to TM—this is because compressive stress further stabilizes 
the HH subband above the CH subband, promoting TE-polarized 
transitions. Similarly, Figure 1b demonstrates that staggered QW 
structures (with step-function Al content distribution) enhance the 
quantum confinement of HH states, leading to a DOP increase from 
20.8% to 40.2% via strengthened TE-polarized emission. 

To better describe the polarization characteristics of AlGaN, 
researchers introduced the concept of degree of polarization (DOP), 
defined as follows:

P =
I⊥ − I‖

I⊥ + I‖

where I⊥ and I∥ represent the emission intensities of TE light and 
TM light from the quantum well, respectively.

The TE mode shows a higher level of extraction efficiency,which 
means extracting polarization from the TM mode poses greater 
challenges than from the TE mode. For DUV LEDs, the TM 
mode’s LEE is no more than one-tenth of the TE mode’s [10]. 
Therefore, enhancing the LEE of AlGaN-based deep ultraviolet 
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FIGURE 1
(a) TE and TM polarized in-plane emission spectra for sample A and sample E from ref.11. Copyright (2023) Elsevier. (b) TE and TM polarized PL spectra 
of conventional Al0.37Ga0.63N or Al0.55Ga0.45N and staggered Al0.33Ga0.67N or Al0.45Ga0.55Nor Al0.55Ga0.45N QWs from ref.13. Copyright (2023) Elsevier.
(c) The total spontaneous emission rate (Rsp) for TE polarization as a function of current density from ref.15. Copyright (2023) Elsevier. (d) Comparison 
of External Quantum Efficiency (EQE) between Vertical Sidewall and Bare-Slanted Sidewall AlGaN DUV Micropixel LEDs and Analysis of Pixel Size 
Dependence (from [23] Copyright (2023) Elsevier).

LEDs can be achieved by increasing the LEE of the TM mode 
or by increasing the proportion of TE mode light in the emitted 
light. The following sections describe methods to enhance LEE 
through optical polarization by adjusting quantum well structures, 
optimizing polarized light propagation paths, and incorporating 
additional reflective/diffractive structures. 

3 Methods to enhance light extraction 
efficiency via optical polarization

3.1 Modulating quantum well valence band 
structure

Modulating the valence band structure of quantum wells to 
enhance the polarization is a key strategy for improving LEE 
in DUV-LEDs.

Specifically, quantum well structural design can be optimized 
directly through methods such as adjusting quantum well dimensions, 
applying compressive stress, or introducing insertion layers. These 
approaches refine the valence band structure and transition 
characteristics of QWs. Additionally, the valence band environment of 
quantum wells can be indirectly controlled by designing the electron-
blocking layer (EBL), hole source layer (HSL), and waveguide, thereby 
increasing quantum well polarization. 

An underlying n-AlGaN layer exerts compressive stress on 
the AlGaN MQWs, and this stress application induces valence 
band ordering. As a result, the HH subband is positioned 
above the CH subband in k-space, which helps facilitate the 
generation of TE-polarized light [12]. The c-plane Al0.37Ga0.63N or 
Al0.5Ga0.5N quantum well exhibits strong TE-polarized emission, 
displaying distinct polarization characteristics under different in-plane 
compressive strains. As the in-plane compressive strain on the AlN 
template increases, the polarization degree rises from 41.5% to 61.9%, 
enhancing the proportion of TE-polarized light [13]. Figure 1a shows 
the room - temperature in - plane TE and TM polarized emission 
spectra of Sample A (with a low in - plane compressive stress and a DOP 
of 41.5%) and Sample E (with a high in - plane compressive stress and 
a DOP of 61.9%). Compared to planar DUV MQWs, AlGaN-based 
deep ultraviolet MQWs featuring strain-modulated nanostructures 
exhibit a threefold increase in photoluminescence (PL) intensity, with 
the DOP rising from −0.43 to −0.16 [14]. 

Ultraviolet light-emitting devices employing staggered AlGaN 
quantum well structures enhance the quantum confinement effect 
while avoiding degradation in AlGaN layer crystal quality caused 
by quantum confinement variations (reduced well width) or growth 
orientation, thus significantly boosting TE-polarized emission 
intensity and improving optical output efficiency [15]. Figure 1b 
presents the integrated intensity distribution of edge emission 
from both conventional and staggered QWs relative to the prism 
edge. MOCVD-grown staggered quantum well structures with 
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step-function Al content distribution can enhance TE-polarized 
radiation, achieving an increase in the degree of polarization (DOP) 
from 20.8% to 40.2% [16].

A heterostructure insertion layer can be introduced to modulate 
polarization characteristics. By adjusting the composition of the 
insertion layer to alter band alignment, this approach enables 
rearrangement of valence band subbands and optimization of 
electron-hole wave function overlap. Compared with conventional 
structures, inserting an InxAl1-xN layer between the barrier layer and 
the well layer leads to larger electron-hole wavefunction separation 
in TM-polarization-dominated transitions. For InxAl1-xN insertion 
layer structures with x values of 0.11, 0.13, and 0.15, the 
total spontaneous emission rate of TE-polarized light increases 
by 76%–105% when the current density falls in the range of 
2–300 A cm(−2), thus enabling TE polarization to become the 
predominant emission mode [17]. Figure 1c shows the dependence 
of the TE-polarized Rsp on current density for the InxAl1-xN 
insertion layer structures.

Additionally, the designs of EBL, HSL, and waveguides exert 
a significant influence on the polarization state of QWs. By 
implementing gradient designs in the AlN composition of these 
three structures, the polarization charge of the guide can be induced, 
thereby indirectly regulating the valence band environment of the 
QWs. AlN composition gradient design can be applied to the p-
EBL and p-HSL structures, and polarization bulk charges can be 
introduced into both p-EBL and p-HSL (p-type dual polarization). 
These two measures work together to shield the polarization-
induced electric field and increase the hole energy, enabling the 
realization of a DUV LED with high IQE (55.65%) in the 237 nm 
band [18]. While suppressing electron leakage, they enhance hole 
injection, ensure electron-HH band recombination in the QWs, 
and improve the proportion of TE-polarized emission. As for 
the waveguide (WG), a graded AlN composition AlxGa1-xN WG 
layer in the DUV NW-LD induces bulk polarization charges, 
which compensate the effect of the polarization-induced electric 
field, suppress optical field leakage, and increase carrier injection 
efficiency. The optical confinement factor (OCF) is enhanced by 
82% (from 17.3% to 33.5%), indirectly consolidating the dominant 
position of TE polarization [19]. 

3.2 Optimizing polarized light propagation 
pathways

The LEE of LEDs increases with enhanced sidewall light 
emission. Regulating the propagation pathways of polarized light 
to extract TM-polarized light represents a crucial approach 
to addressing low light extraction efficiency caused by low 
quantum well polarization. Specifically, geometric design of LED 
sidewalls or reduction of the active region size can optimize light 
propagation pathways.

Geometric design of LED sidewalls can adjust the reflection 
of TM-polarized light, making it easier to enter the light-emitting 
cone [20, 21]. The dimensions and shape of the LED sidewalls 
significantly influence light extraction in deep ultraviolet LEDs. As 
the circumference of the sloped sidewall structure increases, LEE 
increases [22]. Additionally, increasing the sidewall area facilitates 
light extraction. A interrupted mesa structure can enhance the 

sidewall area. A high-power DUV-LED featuring a 46.9° sloped 
sidewall structure with n-electrode holes and an interrupted mesa 
structure exhibits a 250% increase in sidewall area, significantly 
optimizing device performance. At a 250 mA operating current, the 
external quantum efficiency (EQE) and wall plug efficiency (WPE) 
reached 9.19% and 7.13%, respectively, representing improvements 
of 9.6% and 4.4% [23]. The chip sidewall geometry (CSG) also 
influences the performance of deep ultraviolet LEDs. The DUV 
LEDs with the CSG structure have sloped epitaxial sidewalls that can 
capture more photons than near-horizontal structures, providing 
more possible pathways for photon escape to increase the LEE of the 
LEDs [24]. Controlling the sloped sidewall angle is critical. Due to 
two scattering mechanisms present in sloped sidewalls, the optimal 
angle for deep ultraviolet LEDs decreases as chip size increases. The 
optimal sidewall inclination angle should be controlled between 25°
and 65° [25]. The sidewall angle is determined by the etch selectivity 
ratio of the mask material, and a higher etch selectivity ratio leads to 
the formation of a larger sidewall angle [26].

Reducing the active area size—such as by adopting truncated 
micro-pixel designs or micro-array structures on chips—to optimize 
the perimeter-to-area ratio, thereby shortening the propagation path 
of TM-polarized light and minimizing internal losses. When the 
chip size of an AlGaN deep ultraviolet LED is reduced from 90 μm 
to 5 μm, the LEE increases by 1.8 times due to the reduced re-
absorption of sideways-travelling photons. [27]. Figure 1d presents 
the EQE of devices with vertical and slanted sidewalls prior 
to Al2O3/Al coating, revealing that the slanted sidewall devices 
exhibit a significant pixel size-dependent enhancement in EQE. A 
larger perimeter-to-area ratio (P/A ratio) of the p-electrode-covered 
platform area in DUV µ-LEDs significantly enhances LEE, with this 
effect becoming more pronounced as µ-LED dimensions further 
shrink. Measurements of the EQE for DUV µ-LED structures with 
circular, pentagonal, and quadrilateral shapes at different P/A ratios 
confirmed this conclusion, with the quadrilateral µ-LED exhibiting 
the highest EQE. [28]. In addition, dividing a single large-sized 
active region into an array of multiple independent micro-units is 
an effective approach. Lee et al. designed a 5 × 5 array of microrings 
featuring sloped sidewalls on the outer periphery and a p-GaN-free 
inner periphery for DUV LEDs, which were used in conjunction 
with MgF2/Al omnidirectional reflectors. Compared to the reference 
LED, the micro-ring array deep ultraviolet LED exhibits a light 
output power 70% higher than the reference [29]. 

3.3 Designing additional reflective or 
diffractive structures

The LEE of deep ultraviolet LEDs is constrained by the lateral 
propagation characteristics of TM-polarized light and total internal 
reflection losses. Designing additional reflective or diffractive 
structures can enhance the extraction of polarized light. The 
following sections explore two main categories: reflective structures 
and diffractive structures.

Reflective structures rely on artificially designed highly reflective 
interfaces to redirect light confined within the device toward the 
light emission cone, minimizing absorption losses. Based on their 
reflection mechanisms, these structures can be categorized into 
omnidirectional reflectors and distributed Bragg reflectors.
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Zhang et al. proposed a method for full-space omnidirectional 
reflectors. By coating the top and sidewalls of the chip with highly 
UV-reflective aluminum (Al), light propagating to these surfaces 
is reflected into the light emission cone, simultaneously improving 
LEE for both TE and TM polarization [30]. Researchers further 
applied Al reflectors in DUV LED packaging, which significantly 
enhanced the LEE. [31] also proposes an aluminum-based sidewall 
reflector structure, which optimizes the diameter and tilt angle of the 
sidewall. For 285-nm DUV-LEDs, this optimization enhances the 
light power output by 18.38% at a working current of 100 mA [32].

On the basis of the omnidirectional reflector, suitable 
passivation layers and metals can be deposited on the sloped 
sidewalls to enhance the propagation of TM-polarized light. Using 
MgF2/Al reflectors on the sloped sidewalls of the truncated cone 
structure effectively enhances the reflection of deep ultraviolet light 
by the sloped sidewalls [33]. Building upon this foundation, a remote 
cavity structure with sloped sidewalls can be adopted. This design 
eliminates the sidewall metal reflectors and relocates them to the 
top of the device. The cavity structure effectively minimizes light 
absorption by the sidewall metal, thereby increasing the output of 
DUV-LEDs by over 40% [34].

In addition to omnidirectional reflectors (ODR), deep 
ultraviolet nanoporous distributed Bragg reflectors (DBRs) can 
be designed. The MQWs grown in these structures exhibit greater 
compressive strain, thereby enhancing TE mode emission. Owing 
to their reflective characteristics, the LEE of both TE and TM 
modes is enhanced [35]. Moreover, integrating embedded porous 
AlGaN reflectors during epitaxial growth can improve LEE in 
deep ultraviolet optoelectronic devices. Compared to conventional 
AlGaN/AlN DBR structures, porous AlGaN/n-AlGaN DBR 
structures fabricated via EC wet etching exhibit shorter epitaxial 
growth time, lower compressive strain, and higher reflectivity [36].

The core principle of diffractive structures lies in utilizing 
Bragg diffraction from periodic subwavelength structures to convert 
guided modes confined within the device into vertical radiation 
modes. The addition of nanowire structures to AlN photonic crystals 
suppresses guided-mode emission, enhances diffraction of TM-
polarized light, and increases the vertical luminous efficiency of 
DUV LEDs to 79.4%, while improving the top-surface LEE of 
nanowire light-emitting diodes [37]. 

4 Conclusion

AlGaN-based deep ultraviolet light-emitting diodes, as novel 
solid-state light sources replacing mercury lamps, require enhanced 
light extraction efficiency to achieve high-performance devices. 
In this review, we systematically elucidate the optical polarization 
characteristics of DUV LEDs and their correlation with LEE from 
an optical polarization perspective. We also summarize polarization 
control methods for promoting LEE through three approaches: 
quantum well valence band structure tuning, optimized propagation 
paths for polarized light, and enhanced reflection/diffraction of 
polarized light. Furthermore,we outline recent research progress in 
improving LEE for AlGaN-based DUV LEDs.

However, numerous challenges persist in enhancing LEE for 
DUV LEDs based on AlGaN materials through optical polarization 
optimization. On one hand, precise control over the valence 

band structure of QWs is needed to enhance polarization while 
avoiding adverse effects on internal quantum efficiency. On the 
other hand, how to enhance device integration and promote 
active region miniaturization to align with industry trends. With 
breakthroughs in these key technologies, DUV-LEDs optimized for 
optical polarization will demonstrate broader application prospects 
in fields such as sterilization and environmental monitoring, driving 
further advancement in deep ultraviolet optoelectronics.
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